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The authors report on the near-reversible strain hysteresis during thermal cycling of a
polycrystalline NiTi shape memory alloy at a constant stress that is below the yield strength of the
martensite. In situ neutron diffraction experiments are used to demonstrate that the strain hysteresis
occurs due to a texture memory effect, where the martensite develops a texture when it is cooled
under load from the austenite phase and is thereafter “remembered.” Further, the authors
quantitatively relate the texture to the strain by developing a calculated strain-texture map or pole
figure for the martensite phase, and indicate its applicability in other martensitic transformations.
© 2007 American Institute of Physics. #DOI: 10.1063/1.2768899$
Shape memory alloys are known for their ability to re-
cover from low-temperature permanent deformation of the
martensite to the original shape when heated to above the
austenite finish !Af" temperature.
1,2 This recovery is aided by
the low symmetry of the martensite phase !B19! for NiTi",
which assures that all the martensite variants following plas-
tic deformation return to the original high symmetry austen-
ite !B2" orientation on heating.3 The martensitic transforma-
tion is nearly perfectly reversible under a combination of
conditions, including stress, temperature, and magnetic
field.4–6 Most of the works2,7 on NiTi alloys have focused
either on plastic deformation of the martensite, or on stress-
induced martensite formation during “superelastic” deforma-
tion slightly above the austenite start temperature As. The
crystallographic theory of martensite8 relies on a homoge-
neous lattice deformation that establishes lattice correspon-
dence between variants of the martensite and parent austenite
phase. The shear/shuffle9 of atoms associated with the trans-
formation requires low resistance to shear deformation, and
this has been confirmed recently by experiments10,11 as well
as first-principles calculations,12 which show that the shear
modulus drops drastically in the neighborhood of the marten-
site start !Ms" temperature.
In this work, we focus on thermal cycling of a NiTi alloy
at a low stress,13,14 which is defined here as a stress below
the plateau yield strength of the martensite below the mar-
tensite finish temperature Mf. Thus, this stress cannot cause
any significant permanent strain of the martensite that can
subsequently be recovered on heating above As. For a poly-
crystalline NiTi wire,13 there was no measurable strain when
it was thermally cycled at zero applied stress. However,
strain hysteresis of up to 3% was observed when thermally
cycled at a low stress. This phenomenon has not attracted
much attention, and the only reported work on variant selec-
tion and associated strains during thermal cycling at constant
stress is that on single crystals of NiTi uniaxially loaded
along different crystal axes.14 However, very little could be
interpreted in terms of texture change, which is relevant to
polycrystalline materials.
Here, we report on in situ neutron diffraction study dur-
ing thermal cycling at constant stress to monitor the texture
evolution of a rolled NiTi sheet sample. Neutron diffraction
has been utilized to study the superelastic effect in bulk NiTi
samples.15,16 Associated texture changes may be obtained
from changes in peak intensity, using general structure analy-
sis system !GSAS" single peak fit and Rietveld refinement
method.17
Hot rolled sheets of Ni50.4Ti49.6 atomic composition were
purchased from Special Metals, Hartford, NY. Dogbone
shaped tensile samples of 100!5.7!1.46 mm3 dimension
were heat treated at 850 °C, followed by quenching in
chilled water. All samples were dipped in liquid nitrogen to
ensure pure B19! phase prior to thermal cycling. The test
samples were maintained at a constant tensile stress during
thermal cycling between 25 and 90 °C, and macroscopic
strain was monitored using an extensometer. Stress levels
ranged between 20 and 150 MPa to confirm the generic na-
ture of mechanical and texture response, and only the results
at 150 MPa are reported here. In these in situ tests at the
SMARTS !Ref. 18" facility at the Los Alamos National
Laboratory !LANL", He detectors recorded diffraction pat-
terns with diffraction vectors parallel and perpendicular to
the load simultaneously. The heating/cooling rates were
4 °C/min, and neutron data were collected for 15 min at a
given temperature following a 5 min equilibration. Follow-
ing thermal cycling, texture maps were obtained at room
temperature !RT" in the fully martensite state using the
HIPPO !Ref. 19" instrument at LANL. Pole figures were cal-
culated using GSAS Rietveld refinement and no symmetry
was assumed.17,18 Pole figures were plotted with generic
mapping tools.20 For inverse pole figures !IPFs" measured
from SMARTS data, the same texture analysis procedures
used by Von Dreele21 were followed.
Figure 1 shows the strain-temperature curve during ther-
mal cycling at a constant stress of 150 MPa, which is below
the measured 0.2% offset yield strength of 235 MPa of the
fully martensite material at RT. Very little change in strain
occurred during initial heating. However, the very first cool-
ing step was associated with large elongation, approximately
3.8% from C to E, even though the applied stress was well
below the yield strength. Once this strain increase occurred,
subsequent reheating simply acted to restore the original sizea"Electronic mail: majumdar@nmt.edu
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of the austenite. Figure 1 shows that the austenite length was
not fully recovered, however, this difference quickly decayed
with subsequent cycles. Although the strain hysteresis ap-
pears similar to that known for the shape memory effect
!SME", there are important differences. First, unlike tradi-
tional SME, a strain recovery on heating is observed even
in the absence of low-temperature plastic deformation of
the martensite. Second, the observed strain increase during
the very first cooling step indicates that this response is
not associated with a two-way shape memory behavior,
where the latter requires many cycles of thermomechanical
“training.”2,7
Figure 2 shows the volume fraction of phases, the mac-
roscopic strains, and the IPFs at different temperatures for
both the B2 and B19! phases. The color at each location or
pole of the IPF quantifies the preference of that hkl pole
!normal to the hkl plane" along defined laboratory directions.
Specifically, these directions were the loading/longitudinal
!L" or transverse !T" directions of the tensile sample. Leav-
ing aside the first heating excursion for the time being, note
that the texture of the martensite during the first cooling step
is repeated during the second cooling step, and so on; com-
pare, for example, the IPFs in the last row of Fig. 2. This
repetition occurs even though the martensite phase disap-
pears upon heating above %80 °C, and reappears only after
cooling below %50 °C. Thus the martensite “remembers” its
texture prior to heating to the austenite phase, and goes back
to that state. We designate this phenomenon as a texture
memory effect. In essence, the texture memory manifests as a
reversible texture evolution during each cycle and this is be-
lieved to account for the macroscopic reversible strain phe-
nomena. We also suspect that the sharp drop in modulus10–12
that occurs at the transformation temperature allows the tex-
ture to develop even at a low applied stress.
We have used the shear/shuffle model to shed quantita-
tive insight on the texture memory effect. Based on the 12
lattice correspondence variants known for the NiTi alloy,14
and using the measured lattice parameters from our neutron
diffraction measurements, a0=0.301 79 nm for the parent B2
phase and a=0.289 56 nm, b=0.464 46 nm, c=0.412 18 nm,
and "=97.41° for the monoclinic B19! phase, the transfor-
mation strain can be calculated in the B2 crystal coordinate
frame for each variant. Using the lattice correspondence vari-
ants relationship, the strain in a given direction can be cal-
culated in both the B2 and B19! coordinate frames. In a
&001'stereographic projection for the B19! phase, the trans-
formation strain can be calculated for each pole direction,
and further the strain distribution map can be constructed.
One of the strain maps is shown in Fig. 3. One can show that
the strain maps, calculated from the 12 correspondence vari-
ants expressed in the B19! phase frame, are identical. In
other words, the strain distribution map of Fig. 3 in the B19!
projection is unique.
An important feature of the calculated pole-strain map of
Fig. 3 is that the region of negative strain occupies a far
smaller area than the region of positive !tension" strain, and
also the maximum strain magnitudes are different. This
asymmetry has been observed before in the context of mar-
tensitic transformations in general. The maximum strain of
about 11.7%, according to Fig. 3, occurs when the !2̄30" pole
of different variants line up along the loading direction. In
previous papers,7,8 it has been suggested that those marten-
site variants that produce the largest longitudinal strain of the
sample under simple tension would be selected. This would
naturally favor a !2̄30" preferred pole along the loading axis.
However, this orientation is not preferred in our experiments,
likely because the transverse strains are not negative enough
FIG. 1. !Color online" Macroscopic strain-temperature curve for a rolled
NiTi sheet sample during thermomechanical cycling at 150 MPa applied
stress. The strain path is indicated sequentially by the letters A, B, C, D, E,
F, G, H, and I.
FIG. 2. !Color online" Inverse pole figures !IPFs", volume fraction !vol %",
and macroscopic strain !#,%" of martensite !B19!" and austenite !B2" in
both the loading !L" and transverse !T" directions, during thermal cycling at
150 MPa applied stress. The maximum pole density in each IPF is marked
at the right bottom corner. The center and rightmost point in the IPFs rep-
resent !001" and !100" poles, respectively, for the B19! phase, while the top,
right, and center directions are !001", !010", and !100" poles for the B2
phase, respectively.
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to result in a net volumetric strain close to zero for a uniaxial
tension test. The transverse axis that produces the largest
negative strain needs a near !310" pole alignment, with a
!1̄50" pole that would then be along the specimen loading
direction !see Fig. 3". Figure 2 shows that the martensite
variants indeed have the highest !1̄50" pole density along the
loading direction.
Figure 3 allows interpretation of the IPF of Fig. 2 and
the mechanical data in Fig. 1. The austenite phase !points C
and G" has negligible texture, and it gives rise to increasing
volume fraction of martensite with a dominant !1̄50" texture
along the loading direction as the sample is cooled under
load. The martensite texture and volume fraction are then
repeated in the next cycle and thereby the strain at any tem-
perature. The primary exception is the first heating step,
where the 850 °C treated sample was cooled without load.
The increase from A to B occurs because the sample tries to
take on the texture of a 150 MPa stressed sample. Since the
martensite variants are heavily restricted !less glissile" until
As is approached, the strain increase is initially negligible.
However, the mobility of the remaining martensite is re-
stored as As is crossed, so that the texture and strain !relative
to austenite" at 68 °C !point B" in the first cycle does not
differ significantly from those at 73 °C in the second heating
cycle.
The HIPPO-generated pole figures !Fig. S1 on Ref. 22"
at RT revealed that the as-received sample had low texture,
although with slight preferred orientations of !011" and !100"
poles along the loading direction. Following thermomechani-
cal cycling, the preferred pole along the loading direction
changed from !011" towards !1̄50", in excellent agreement
with Figures 2 and 3. Tests at other stress levels produced
similar mechanical response as Fig. 1, and the strain ranges
were found to depend almost linearly on the stress !Fig. S2
on Ref. 22". Such stress-dependent strain response could be
exploited in intelligent devices where different sizes or
shapes may be obtained in the martensite state by simply
controlling the stress during cooling. One additional impor-
tant observation was that the dominant texture was depen-
dent on the applied stress.
The strain-texture map in Fig. 3 can explain the peak
intensity change observed by other researchers15,16 during
tension and compression tests of a superelastic NiTi alloy.
For other martensite transformation processes, similar strain
maps can be constructed. For example, we have obtained full
agreement with IPFs that were observed by Field et al. for
U–Nb alloys,23 which were uniaxially deformed in tension
and compression into the plateau regime of yielding. Gener-
ally, using the constructed strain map of the martensitic
transformation process, the texture developed from loading
process can be predicted semi-quantitatively, or conversely,
it should be possible to obtain any desired texture by impos-
ing the required external strain. Finally, it is possible that a
similar behavior may occur in ferromagnetic materials,
where, now, magnetic field !rather than temperature" and an
imposed stress may be used to control size.
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FIG. 3. !Color online" Calculated strain-texture map or pole figure in the
martensite !B19!" phase corresponding to uniaxial loading. The poles are
shown in brackets, and the contour lines represent values of strain in percent
that results from transformation of B2 to the particular B19! pole.
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